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FLOW STRIESS OF POLYCItST.ALLIME OF ALIPHA TITANIUM IN DPE.NDEN:E OF TilE

STIUCT ItHE ANI iEFO II .ATION (:ONDITIONS

AN AI-tZEJ DZIADI)), A.Nl)IIZFJ LATKOJ\\S.Kl

The paper coneern Ihe investigations if fiIi niechaiisti ut i.ifr hlh::: defir-
uin tion of alphba Uilanillni ill the' lenlpe~rat or., rani -l oif*",'.- |6(wil ., Ilht I,xiiertiml-til %1;l,

carried out on iodide it ilniuni cstaini ilI .i 'atiii is clvii ill t' riii, ut eqri\ aliiit
oxygen content, of interstitial coiilaflnlhoat iols Tl ii lial oil. f hu" Illi 'rcular hiat Krai

of t his substance % as wit hill I h, rai ij, u x. 7 Ii 1711 Uii.

It A as found that Ihe leniperature oii i iu I11 alieovs of art'ual stressr, lI Ilia-

nium is in good agrelent with the Seeger Ii,.I ()n tlhi hasis of It, lesiml, i Icst Ill,.
coeffIcients k and o taken from thlc lialI-IlItch eltali(n ha\t e .wi d1.v,'. I'll.
analysis of these coefficients shows that the initiation process of plastic deformaliU has

specific qualities which distinguish the momentum of plastic deformation fromui further

course of polycrystal deformation.
The observations of structure dislocations hich %ere carried out oil saiunlil-. 4v-

formed at a rate of i - 3.6× x1'0 4 s-l allow to state that the dislocations caise, lalhdes
formation inside grains; systoms of simple dislocationis have been also observed. At

a temperature of 300WC the deformation caused formation of cellular structure. At the
grain boundary the pile-up was not found. whereas in case of microdeformations at the

grain boundary emission of partial dislocations has been obserxed.
On the basis of the changes of the coefficients k and or from the -all-Petch equation

versus rate of deformation and on the basis of carried out observations of dislocation
structures the authors suggest that in the investigated temperature range the initiation
process of plastic deformation of alpha polycrystalline titanium can be described by
means of the Li model.
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1. Introduction

The role of one of the parameters characterizing the structure,

which is the grain size, on the stress value causing the plastic deform-

ation of polycrystal can be expressed analytically by the Hull-Patch

enuation C 1,2 :

where - the stress causing the given plastic deformation, ( - the

stress necessary to overcome the "friction" to which the moving dis-

locations are subjected in the crystal lattice, - constant representing

the resistance to the spreading of slide zone, d - grain diameter.

It was experimentally confirmed, that the above relation is satisfied

by the alpha titanium, both in the pull test C 3,4,5) and the hardness

measurements C 6,7,8 ). The Hall-Patch relation for the alpha titanium is

interpreted in the literature by the Conrad model (9). Such a description

of the polycrystal deformation process is only a formal description taking

into account only the ustermineo qualitative relation between the steas

incrwase anu the increasw of dislocation density. In turn, the dislocation

densitV aepands on thk grain size. In this way onL can make a direct

connection between the stress value and thE grain size.

The mechanism of polycrystmlline deformation in alpha titanium, used

especially the process of deformation Initiation, is still unexplained.

It is sugqested that thv deformation initiation takes place through the

dislocation generation of the armin boundary (8], but at the same time one
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doesn't exclude the possibility of deformation propagation due to the

pile-uns C4).

The still incomplete state of experimental data and their controversial

interpretations were the reasons for undertaking this work of studying

the crystalline deformation of alpha titanium in wide temperature range

from 250C to 6UUC. The goal of this study was thL attempt to determine

the mechanism of plastic polycrystalline deformation of alpha titanium

with the emphasis on initiation of this deformation. The experimental

method used, was the analysis of Hall-Petch relation as a function of de-

formation for the given temperature range, together with the observation

of dislocation structure changes.

2. Pxper~mental material and method

The stuoied m~terial was thR Iodine titanium made by the Titanium

Imoerial Chemical Industries. The amount of interstitial admixture was

equivalnet to 0.4 atomic percent of oxVgen ( accoroing to: N = 20,

C = 3/ 0o lu] ).

The initial material, the roll stock 10 mm in oiameter, was pulled

without heating with the cumulative deformation factor of 70%. The

samples made of it were 3.6 mm in diameter and 23 mm length and were heated

to recrystalize in copper containers ( Table I ).

The pulling tests were performed at temperature range from 25to

600aC, using the strain testing machine "Instron", enuipped with high

temperature, three-range rven with the argon atmosphere. To extend the

range of testing, two deformation speeds were applied: f - 3.6 X 10 "

see - I and i. 1.5 X 10-2sec-1 .

The microscopic studies were performed using the "Neophot - 2"

optical microscopm ano the "Teals" B5 - 613 electron microscope. The
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texture studies ware made using the X-ray method and the TUR 60 machine.

3. Experimental results.

3.1 The structure of heated alpha titanium

As a result of heating, five groups of samples were obtained, differ-

ing in grain size ( Table 1 ). It was determined that the grains are

uniformly distributed and have the even axis character in each group. The

grain size was determined using the Jeffries - Saltykov method as cuoted

by Rys (11), as the "avprage diameter of flat circular grain". The

measurements were made on the polisheo cuts along and across the sample

to be pulled.

The observation of thin foils allowed tc determine, that the grain

interiors and their bounoaries are free from fractioning. A typical

picture of 6rain LrunuarV is shown in Fig 1. Insire the grains, the simple

dislocation sVstems were found, typical to the heated material ( Fig 2 ).

The X-ray SLdies inoicate the existence of Cl U T 0) structure in re-

czVstallizea titaniun. Fig 3 shows the example of X-ray diffraction

obtained from a sample with 17.5ym grain.

The slip in alpha titanium is most likely in ( lOTO ), I 12T0I

and(l01l) L1210) systems. The dislocations in these planes are the

"tree" dislocation for the(0001) plane. Thus tc determine the slip dis-

location density, one has to determine the density of etched cavities

in thp M1001) plane. From the structure studies it follows, that the

(0600) p1pne is parallel cr only sljghtl dEviating from the sample axis.

This is why the etching was done in the samples axial planes. In reality,

it turns out that both, in fine anu coarse grained material, only few

grdins hao the etching cavities. Cass E12) determined, that the etching

of uislocwtion cavities in the (OO() titanium plane takes place only if
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this plane forms the angle with the cut plane not larger than a few

degrees. Figures 4 and 5 show the cavities in grains with the average

diameters of 17.5 and b4.0 ?m. Fig 4 shows also the etching shape of the

(0001) plane. Thu dependence of "average dislocation density", that is,

the average number of dislocations per surface unit, on the "average

circular diameter of flat grain" is shown in Fig 6.

Summing the above results concerning the structure of the test materil,

one has to emphasize, that as a result of recrystallization one obtained

both types of samples, fine and coarse grained. That required Operation

within a wide range of times and heating temper'atures. Cne has to assume,

that the change of thermal processing parameters could have influence on

a structure of grain boundaries and cause the differences in a degree of

separation of interstitial acmixture atoms to the grain boundaries and dis-

locations. These structural changes are always connected with the recrystall-

zation process. With the increase of average grain diameter the dislocation

onsity inside the grain decreases, end the dislocation density is of the

order of 10 cm The recrystalization twins or thE polygonal systems were

not found in the heated material. It also didn't contain any fractionation

inside or on the grain boundaries. This is why it can be treated as a single

phase alloy.

3.2 The effect of the grain size and temperature on the stress values.

The dependence of the stress on temperature and degree of deformation

are shown in Figs 7 anc 6 for the fine anu coarse graineo material. To

separate this functional depenoence from the changes of elasticity

modulus with temperature, the measured stresses were divided by the titanium

cross sectional tlasticity modulus G for the given temperature (13).
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From the curves it can be seen that it is possible to divide the temperature

range 250 - 600'C into two region.: in the first one the stress is very

sensitive to the temperature chanqeslin the second one the temperature has

no effect on the stress. In Figs 7 and & the first region extends to

about 250C. The Increase of deformation speed by twc orders of magnitude

caused the extension of the first region to abrut 40U'C ( Figs 9 and 10 ).

The dependence between the stress and temperature is then in agreement with

the classical Seeger model C14], which assumes that in the case of thermally

activateu oislccaticn movement, the stress oepenLs not only on the aislocation

structure, but also on temperature and oeformation speed.

The Hall-Fetch graphs were made for the stresses corresponding to the

deformations = 0.0002, £= 0.02, 6= 0.04, 6= 0.08 andt:0.16. These de-

-2 -1 -4 -1pendences, for the deformation speeds= 1.5 X 10-sec and= 3.6 X 10 sec -

are presented for 260'C temperature in Fig 11. The values for the k and 0'

coefficients in Hall-Petch equation, obtained by least-square fitting, are

shown in Tables 2 ani 3. As It can te seen ( Fig 11, Table 2 and 3 ) that

the values of dircctJonal coefficient k ani "friction resistance" a, depend

o- the dpfcrmation deoreF and temper=ture. These relations are summarized

in Figs 12 throuqh 15. They show ( Fig 12 and 13), the dependence of K

coefficient as & function of ueformation, ana ( Fig 14 ana 15 ) the tempera-

ture uepbriounce of //G coefficient, for the oeformation speeds = 1.5 X

lu -k ,bxl-4 -

lU sac ano (= . X l " sec respectively.

3.3 Structural studies

The observations of oislocation structure were conducted on the samples

with the average orain diameters 6.7 ?m and 170.0 ?m, deformed with the speed

36 X-m3.6 X 10" sac at temr ratures 25° and 3tJUI . The deformations
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of these samples at 256 r were = 0.01, E= 0.04 and C= 0.06, and at 300°C:

E= 0.02, E= 0.04 and E= 0.06. The fine grained sumcles exhibited definite

plasticity limit. The deformation values C= 0.01 and E_= 0.02 were for

these samples at the end of the stretchinq plateau.

Fig 16 shows tha characteristic uislocation structures of titanium for

thE E= 0.01 oeformation at e5oC, and Fig 17 the structure at [= 0.02 at 301fC

teiiperature. The pictures show, that the structure is characterized by the

tan~las ( Fig iTa and 1? ) or by E simple dislocation systems ( Fig 16b and

lbc ), no pile-ups were detected. A quite similar type of structure was

observed in coarse grained material ( Fig 1E and 19 ). The grain boundary

seen in Fig 19 is almost perpendicular to the surface of thin foil; in Fig

15 it forms a share angle with It. Fig 16 shows also the oislocation di-

poles. At the same time the interaction between the oislocation and the

grain boundary was obsprved ( Fio 16c ).

At the enr of the stretching g-aph plateau the state of titanium oe-

fori.aticn is sr auvanced, that It is difficult to separate the process of

,.ure Ois]ucatiwn generatiun at thE yrain oounoar, from tnE changes relateo

tu the fact that it also forms bn oibstacle for the arriving dislocations.

,oreovdr, at this oefurmation state the Cislocation intEract with each

other insioe th grain, which aoitionally ccmplicates the interpretation.

To obtain the Llarity of structural changes relatec to the initiation of

plastic deformation -rocess, the microscopic observations shoulc be con-

ducted for much smeller deformations. Tn connection with thit, the attempt

was m dm to observe the thin foils after mlcroceformations. A thin foil

of h~ated, fine orained tJtaniur was Pced in the Electron microscope,

the Plectron beea' wR frecused on It and at the same tine the oeam intensity was

4n-r;a :ed. Thiq c~uspd the mncrcdefornations duE tc the local heating. The

structiral ch nges associated with such m crirdEform _tions are shown in

F ig 2b.



(7)

An incrtase ot thh uetormation to .= .04 causes an increase in dis-

iocaLion uensity, which form tne characteristic tangles. This is shown as

an example in Fig 21. ThE further oEformation at 25C doesn't change the

structure cnaracter, on] the dislocation density increases ( Fig 22 ).

On the other hano, the oeformation beyo'd the stretchinq graph plateau

lead to the formation of cellular structure at 3000C. The formation of

cellular structure was oulte viable at C= 0.0&, both for the orain size

8.7/,m ( Fig 23 ) and for the 170.0im orain ( Fig 24 ). For the oeforma-

tirn with E= C.O8 the cellular structure is well established, which can be

seen in rigs 25 and 26.

4. Discussion

The Fijs 7 throujh I snow tne typical influence of temperature,oe-

formation, ueformtion speo anu the grain size on the actual value of

stress civioeo by the crcss sectional elasticity modulus. In the functional

dependence of 6-/G with temperature one can separate the thermal 7nd

athErmal components cf6/G. During the Ueformation with the soeed of

.4
= .6 x 10 sec the vElue of/f/G starting at 250C docesn't change

for the c.ven deformation and orain size. Cne can then consider this

ccnstant value a +hermal one. At temperatures lower than 250'C the total

'_/G value may ou treated as a sum of two components; thermal ano athermal

rhe incredse Ot Leformation speed by two orders of magnituoe moves the range

of stress thermal component to auout 4GCLjC. Simultaneously one observes

tne Uisappearance of straight-line section ofj/G-T plot at higher deforma-

tions. ThiF is caused b the fact that with the increase of deformation

the free path between the barriers in the crystal lattice decreases, which

combined with the deformation speed, creates a less favorable condition for



the thermal dislocation activation to pass these barriers.

A similar dependence on temperature and deformation steed is observed

for the t7jcoefficient in Ha1l-Petch effect, called the "friction resistance"

C Fig 14 and 15 T Tn titanium with the C IoToj structure the slo may

take place in the c-rismatic system (10111) Li2Tloor in the piramid system

( )0i) T2T 01 (15). The small difference betweEn thre critical stresses

in huse s-Vstears causes that the sli within the stuoied temperature range

i kus.itle in both systems. uislocations in the prismatic system are

Lne "fonIst" oi;locations in tne piramio system anL reverse. The increase

of slip oislccation censity in one of these systems causes the increase

of "forest" uislocations in the other. This causes the decrease of distances

between the barriers which can be overcome by the thermal activation. The

increase of oeformation sPEed decreases the probability that the cislocation

obtains the additional enercy through thermal fluctuatiun, sufficient to

overcome this barrier.

Tnother c'aractristic Frorerty of 6/G -T plots is a large difference

between th 'trCeS V2Lues corresponOirq to the oaformaticns C= 0.002 and

(= U.02 in coarse 4rained titaniu ( Fig e and 10 ) in relation to the

fine graint, titaniu. ( Figs 7 anu 9 ). Similarly, tnere is i large

uitferenL= Ljtwun the values of q, coefficient in Hall-Petch equation for

uefoinations E= U.uL2 ana E= U.U ( Fig 14 ano 15 ). A large increase

in Ge/u value in early stage of deforntion, hi-her than in the following

oeformetion Lourse, can be associateu with the considerable increase of

dielocation density at this stage of deformFtion as uas observed by Jonvs

and Ccnrad [4). The incrPase of 6/G at the tr-isltion from E= 0.002 to

6*= fl.L2 shous thr FtrEsF incrf-ase caused by this oi-locatlon density increase.

Tn th," coarse jrained material ( Fio - anr 10 ) this difference in stresses

-A
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is very larqe. nt the '-ame t ime, much hiqher ELI Increase of oislocation

density in thp wjined material causes neqluqible stress increase ( Fig 7

and 9 ). (lnE cn see, that there is a factor causing the increase of plastic

deformation "start" stress in po]ycrystal, with the decrease of grin size.

The full picture of th.is phenomenon is given by the analysis of

changcs of K coeffiLient in Hall-Petch equatiun during tn deformation

procuss.

It was GetermineU, that in the entire range of temperatures from 250 C

to 500' C ( at 600 0 C the Hall-Petch relation was nct setisfied due to the

recrystallization ) the values of k coefficient determined for the deformation

C= 0.002, which corresponds to the beginning of plastic deformation, are

much hioher that the values of these coefficients for6 = 0.02 ( Fig 11,

Table 2 and 3 ). From the data in Table 2 and 3, one can see that the

values of k for c= C.002 are about ttice as high than the k values for

1 = 0.02. Next, with the increase at the deformationthe values of k begin

to increase rLaching at few tens of percent deformations the initial values.

That is graphically presantec in Fig 12 anu 13. Lne can see, that the

Lharactwr of K value changes as a function of oeformation was identical for

all tcmperatures ano deformation speeds.

.ones anu Conrad (4) while studying the iodine titanium with the

interstitial admixture equivalent to 0.09% of oxVgen, determined that the k

'1/2
coefficient in Hall-Petch relation reaches the value of C.4E kG/ mm

at (= 0.00, and doesn't chanoe with additional deformation.

Comparinq these dita, which p-re obtained for the hlqh purity material,

obt-'ined by th method of zone meltini, with the Qregent results, one has to

conclude, that t he changes of k coefficient as a function of deformation is

primarily determined b,, the chemical composition, or mor- precisely, the

amount of interstitial admixtures.
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Similar observation were mace by Gupta ano Garofalo [16). The ions

stuuiso by them, indicatwu a very high value of C the k value for the

lower plasticity limit ) as compared with the value of k in the Hall-Petch

relation obtained for E= 0.05 deformation. By reducing the number of

interstitial admixtures, they obtained the state in which the k value

reached the minimum for the entire range of studied deformations ( up to

= 0.15).

One can assume with Cottrell (17], that the interstiti.A atoms diffuse

towards the disincation sources and block them. From the present results

i follows, that In titqnium the blockino of dislocation sources by

interstitial admixture atoms is in close relation with the grain size: the

smaller the grain the larger is the tlocking effect.

Cne could aSK now ricw the dislocation sorces are unblocked ano where

thn-e sourcs are lucatbL.

From the point of view cf theoretical analysis of Hall-Fetch relation,

it is possiule to accept both, the Li model of dislocetion emission from

the grain boundary []61, and the Cottrell model C 19] which is a mozi-

ification of pile-up model assuming the initiation of deformation bv unblocking

the sources Inside the drains due to the dislocation cile-ucs. En the

one hand, thr decrease of average orain diameter may be ccnnected with the

decreased dlstance between grains. This causes the increase of pile up

stressps, which in turn will cause on 'he grain boundary the stress con-

crntration sufficient to unblccK tne source in the neighbocring grain. Dn

the other hand, the decrease of grain diameter causes the severalfolo in-

crease of 6r~in Loundary surface in the fine grained material as compared

with coarse grainLu. TL this grain bouncary surface the interstitial ao-

mixtur: aturiL uitfuse from the giain interior.

The proolemr of adnixture atoms ciffusion to the bounceries uescribeo

by Westrook [20. Several apers were devoted to the separation of inter-



stitial atoms on grain boundaries. Among them, Phillips [21] experimentally

oetermined the oiffusion cf carbon atoms to the grain boundaries in iron,

Let-nision end Opperhauser [22) the separation of hydrogen on grain

toundEry in nickel, and Walsh and Mear (231 the separation of boron in

nickel alloy. Fortes and Ralph C24) using the ion microscope, determined

the ouantitative change of oxygen concentrEtion in iridium grain as a

functlnr of sta-ce frun crain boundary. The oxyoen concentration on the

grain houndary was six times higher than in the interior, and the separation

0
renicn las about 450 A.

Ir view of th! exkerients one can cssumE, that in the titanium

laLtice tMrz is olso a separaticn towarus the grain OoundarV, most of all

for Lnc mcuIje interstitial atLa-s.

In connection with that, the effect of large stress differences in fine

and coarse grainEL material at the point of ceforrmtion Jnitiation

C 7 = 0.002 ), lar;,er than for subseguent ceformEtlon, car' be connected

with the unblcckino of dislocatirn sources on the gain boundaries.

Ossumin accor-dnn to the Li mCLel (1E), the same oensity of potential

dislocation sources on the 7rain t-ounCzirV, the totel numter of siurces on

orali bcunda3rv will be much hither in fine crained material. The high

va'ue of k crefiient J L2all- letch rel tion for f = 0.002 results from

unblocKinc of lerger numer of sources as finer grained the material is.

The observations of dislocation structure support this model. Lne doesn't

obsErve in LhL stjuieu material, flat aislocation systems forming the pile-up

on the yrain uounuaribs. At sma]] deformations, both in room and

blevateo tbmperc.tures the LisIooation angles form, and at 3LCLC one

observes at C = 0.04 the formation of cellular structure. The dislocation

svstEns observed at 0 = 0.01 and at rcom temperatures ( Fic 16) are not

olcurs, Pnd lead tL aprculation that thev are formed as e result of
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generation taKing place from the grain boundary. Finally, for the micro-

deformations one observed the cases of cislocation emission 'ror the grain

boundary with the formation of location errcr. Similar effect of partial

dislocation emissicn from the grain boundary under the Influence of the

electron beam wus observed by murr [25] on thin stainless steel foils.

Nurber Pf authors suorest that polycrystal deformation is initiated on

the crain boundaries.

Warthington an" Smith [2b anu Corringtcn and McLean C27J

using tn6 cavity etching MethGo,exp~rimEntal]V oetermineo the dislocation

geneiatiwn frum the grain bounuary uuring the microdeformation of iron-

silicon alloy ( 3 - 4i Si ). Eoigtn ani Sialiman [o20 observed the dis-

lication sVstlrs, curing the vanadiun. microdeformation, similar to Fig 16c,

and interpreted them as an effect of source activities on grain boundary.

Van Thorn& and Thomas (79) using the analysis cf niobium di lccaticn

structure sucest, that the dislocation sources in the microdeformation

phase are the orain boundaries and th separated atcms. Nascanzoni anc

Puzziche" 3P) on thi basis of observation of orain boundaries in pure

al -ha i rvn, sucest tl' Rxi sttnce of 'rank-lead sources on ucundaries.

Thormison (37J on the basis of stuojis if grain ocunoaries in nickel sub-

jected to small deformation (C = 0.GL02 , suggests that the observed loops

could be the dislocation sources.

Accorjin tL the classical Li mcdel lio), the dislocation generation

from ftfr grain ULunUaricS tEes place only in the initial deformation

stage. The fuither increase of oislucatiun oensity is realizeo b the sources

acting inside the grain. The grain boundaries limit the dislocation

movemint. This shows up in the systematic Ancrease of k coefficient with

the deformation increase, starting with C= 0.02, and also in the changes
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of dislocation structure. The thin foils in addition to the considerable

increase cf disIrcation density, show the concentration of olislocations on

the qrain boundaries and the Interactio of lattice nisloctilcn with these

boundarles. 5milar increase of k ccefficiert, after reaching the local

,m.inimur was Gut~rmintO amcng others b Coleman and Haroie L32) on

ZirKonium ano Lmar anu Enttisbe [ 3) for niobium.

MS d CL uquenLe Uf CCnOULtELJ stunies anu the above oiscussicns, it is

juStifien to propose LhL o scription of polycrystalline oeformation cf alpha

titanium fly thL Li moos] of oislocation operation from th= grain tnundary.
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Table 1

IIeaLiflj LLnO.Itions anu LUtaine- tdrain size

1 - t~lq~ratY~, 2 - &ating timie, 3 -tiiE LiamietEr of circular

flat giain.

Tempaatur, ( CZ&B wygrioea 4rdmiii.lm aowg
I 7~TirnL, pIlasklegi.

680 Id) 17.5

680I 20 3.

825 47D ) 741,0)

iFi. 1 Fig. 2

F71n I* 'r;i MolrdarV I n a sarmrle uiit, tl-e avterace qrai n si ze of

Fij, 2. 'Jis1-CatiLn structure in th sarple witri the verage grain sizE of

U.i Mi.



FIQ 3. X-ray cliffrar'toqram of heated uIrc with the fine arainec structure

~iy -4. LtCrninl, Lai~itii=S in (0001) planE.

FiFig. 3
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Fig. Fig. 6

Fig 5. Etching cavities in (00l plane

;-rain ciamtar 64.0 m. Magnification lcuOX.

Fig b uislocation censitV crossing thE (0O01) plane as a function of

grain size.
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Fig 7. Influence of temperature oncr/G value for titanium with the average

-4 -1grin size 8.7frm. Deforma~tion, speed c= 3.6 X 10 sec
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Taule 2. The values of k ann Gco~fficiEnts in the Hall-Petch relation

Luy=ther uitn their sLanuaru oevi tions Sk ano 5 ana the correlation

-2 -1coefficients R. Deformati.n spe u c = 1.5 X 10 sec

T m p. ,N Io a, I I, * , 'T ,,, I

IG

1,01 | 1 1|21

",1 ,26 0,15J I?,I 1 ,0(| I,,w,) 1,01 ()l,.?.:1 i, I.' , "

0( I ,.1 0,1(1 I 2., 41,7 11,99. 11,71 1,11 3,m4 1,I 11.9.1

200U 1,311 41,4)9 14,3 11, 11,1 1. II, I.3 11,117 I ,1 4 II. 3 11,97
3101 11l,9!4 Io,0,I C,"2 o,1z 0 (wl fIt, m1 flym, I I.." !l' 11!1

•t0ool 0,8A 41,07 :4.
r)  

0,. 11,1m11 (.,43 (),02 8,t II, 11,1 41
5O l 4,911 I 11, 1 , 11,01,1 7 1,17 11,3 .I 11,11 7.( ,1 1,3 I),g4

611011 k,'.5 0.11 I1. II 0,1.1 1},I , (1,17 7,1 1.1 (11. 4

(,01

25 1,26 (0,216 2 .9 1,7 0,94 1,35 O,1)1 327 1 0.47
100 0,90 0,20 '26.2 1,3 0,93 1,014 I, 3 .4 '24,1 1,3 4,115

'200 0 o61 005 1!1.6 0,3 0,9 ,4.'3 11,117 21,l I.5, 11,l
300 0,57 o,03 12,7 0,2 0,1111 1),81 Ilo-2 13,4; 1 1.1 gI.!I!I

400 0,53 0,02 9,8 0,1 0,0 0,71 y,1 141,7 61.'i I 1,wIt
500 0,43 0,05 8,3 0,3 (),!)S (1.55 0,07 hi1 II, I I I.9;

600 0,07 0,119 8,2 1,3 0,20 0,10 1),22 S,7 I,1 qI,'.S

= 11,16

25 1,18 0,18 38,3 1,2 0,97
100 1,23 0,14 30,8 I,3 0,99
200 1,03 40,10 22,7 0,7 0,99
300 1.03 0.03 14,7 0,2 0,99
400 0.9 0.04 11,6 0,3 0,99
500 0,65 0,09 10,1 0,6 0,98
600 0,()2 0,10 10.9 0,9 0,19
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Table 3. The values of and'-ccefficients fromr tt-c7 Hall-Petch relation

together with their stanclard deviation 9kand S 2,and the cerreletion

coefficients P. The deformation speed C 3.6 X 10- sec-

1i1.4 . S4. It S0 . S1. a0  R0  I

=0,0412 E - 0,

,17 " 16,6 1,6) 0,9,1 0
4 4

( . 1 25,2 1,9 ho8

1111 II (I'll. 9.,94 0,8 o4,99 0,5:1 0,3 I 21,3 (0,S 0,114
141 ,- 0),09 5,4 0,6 0,9u o,47 0, 1 2 13,3 0,8 0,92

31ll) 11,97 41,04 : ,4i 0.3 0,94 11,48 4),03 !J,1 0,2) 0),99
lal) 11,84I 1,11 :1,0 0,7 O,!)ts 0,33 0),U0 s8, 01 L0,!)9

Ziu) 0,17 ti,ul 4,0 0J,- 0,97 (1,16 0),609 9,1 0,5 0,72
til# 4l.17 uIYM :1 0,4 1,5 4)75 1,W 0, 1 U E,7 0,7 0,09

F -- (),41.1 0,08

ti,9 ,31 '27,K ~ I 05 ,01 0,-Z- 31,0 1,8 0,92
11110 0,74 11, 13 2 3, 1 0,0 0,343 1,00 0,13 24,8 0,9 0,97
14l0 11,61 0,12 14,7 Od 0,9.5 0,86 04] 1 5,9 0,8 0,W7
300 41,6:3 0,() -- 10,3 v4,1 0,90. 44,87 0,02, 11,2 0,1 0,99
.10 44,047 0,01. 9.,3 Oil 0,14 4,63 0,03 10,0 0,2 9,109
5i)44 11,1-I 4,15 10,2. 1,0 0,47 (,9 0,17 10,9 1,1 0,71

C 0,16

125 1,17 0,,20 3 5,-) 1,3 0,98
100 1.-29 0,12 26,3 0,8 0,99
2UU 1,18 1),08 16,8 0.5 0,09
300 1,16 0,03 12,0 0,-- 0,99
400 0,80 0,03 10,9 0,2 1),99

IZ



TabIe 3. The values of an> ccefficients frorr tl-,& Hall-Petcr relation

together with their standard deviation 9 and S ano the cerrelation

coefficients P. The deformation speed C 3.6 X 10 sec

.. S I. a S0 . ft I, .e. It .4,S. It

£ 0,011)2 F- 0,02

1,17 o,-2,I 16,6 1,6 0,9,1 i,68 1,1 25,2 1 0, 0
1111 Il l , It "2 I,9 (I,H 0.99 1,63 0,1! '21,3 0,8 0,94

S , 11,09 1),4 0,6 C ,99 0,47 0, 1 13,3 0,8 0,92
"3.!t7 Ij4 .,0 0.3 0,9'1 11,4h 0 ,3 , 1 0, 0,99

I(111 0,84 0,11 :1,0 0,7 0,9b 0,33 ),U m,7 ,2I 0,199
: l 4,.17 0,07 4,0 (,.I 0,7 1l,16 Owb ,1 0,r 0,721
UMlI 11,17 11,118 :I.; 11,5 dl.75i '1,U2 U 0 I ,7 (0,7 0,U1

F 0 U11l, £ - U,U08

•1,zU o,31 27,m , , I,0 , 31,0 2,8 U

lll u,75 01,13 -23,1 0,9 0,96 1,00 0,13 2.4,8 0,9 0,97
II'mo,6 0, 1 14,7 0, 0,95 0,86G 0,11 15,9 Os 0,97

340 41,63 0,012 10,3 1, U,9tl (,87 0,0" 1,2 0,1 0,99
-lull ij,,|7 ) 113 0,1 0,99 41,63 0,03 10, 0 ,2 ',0
.,(o, 1,,I 1) ,15 IU, 1,0 0,47 0,29 0,17 10,9 1,1 0,71

=0,16

',3 I,17 O, m 35,2 1,3 0,906
100 1,29 0,12 26,3 0,8 0,99
2UU 1,18 40,08 16, 0,5 0,99
300 1,16 o,03 12,0 0,L 0,99
4UO (1,81) 0,03 10,9 0,2 0,99 j

?1
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Fiq 13. 
T nfluence of deformation ratio on the value of I(coefficient.

-4 -1
*3efornatiol speed t= J.6~ X 10- sec-

C.)0

0 ~~ tOO 20 3
T 1114

Fi~~~~~~~~~~~~~~~~ IL. 0.08tr ~noneo /~cofiin. Ofomto pe

o -1Qf

~z. A sac-,ic



E - 00

0 f-004

o Q0

0 a AV
A ~r VIr

Fig 15. Temp~erature cpennceC cf J'/G coefficiEnt. Jef'ormetion speeo
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Fig 16. Structure of alha titaniumr with the cQrain size of 8.7 M,C=.0

deformation at 25:'.



Fi A Fiig- 17 Fig. 1 1.

Fg1?. btructure of olphe titanium ILr the grain size of o.-/,/Im. c 0.02

deform&4tion, at 2 , C.

F1q 19. 1--tructure of alpha titenium with the orain size 170.0 ,
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b r

Fiq 2F. Thp Fr-in tonrary In alpha titanium after rricrucleformation.

FicQ 71. 1-tructure of alpha titantIm wiAth thE 9.7 ?M ',rair SiZE, f 0.04

cmforr'oition, at 2L r.

Fig 42. btructure of alpha titanium i th thE. L;.7im gjrain size,C= O.uo

Qfoiai;Li-n, at k" L.
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Fig. 23 Fig. 24

Fig 23. Structure of alpha titanium with -.7/rm grain size, C= 0.04

deformation at 300 C.

rig 2L. Struct,rp of alpha titanium with the 170.0,pm grain slze,C = 0.04

deformation at 3r:ci' r .
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Fig. 25 ii 5 26

Fiq ?25. 
5Etructure of alpha tit--fluIm w~ith _-.,r-tI- crair size, =O.Ou

deformr~tion at 30P C.

I ig 26. -Itructure cf alpha titanium with~ 170.Lpm, grain size, e. O.Otu

deformation at lju C.
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